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Visual Deprivation Alters Development of Synaptic
Function in Inner Retina after Eye Opening
evidence for age-dependent changes in light-evoked
responsiveness, little is known about the maturation of
synaptic function at the cellular level in retina after eye
Ning Tian1,2 and David R. Copenhagen
Departments of Ophthalmology and Physiology
UCSF School of Medicine
San Francisco, California 94143 opening. One goal of the present study was to quantify
age-dependent changes in the strength of quantal syn-
aptic inputs to RGCs in the retina of mouse, a mammal
that is being increasingly used for studies of the devel-Summary
opment and plasticity of the visual system.
Visual deprivation, induced by monocular lid sutureVisual deprivation impedes refinement of neuronal
or dark rearing, dramatically alters the normal refinementfunction in higher visual centers of mammals. It is often
of connections and function in higher visual centers ofassumed that visual deprivation has minimal effect, if
the brain (Cynader and Mitchell, 1980; Mower et al.,any, on neuronal function in retina. Here we report
1981; Mower, 1991; Guire et al., 1999; Fox et al., 1991;that dark rearing reduces the light-evoked respon-
Carmignoto and Vicini, 1992; Gordon and Stryker, 1996;siveness of inner retinal neurons in young mice. We
Kirkwood et al., 1996). Many investigators have con-also find that 1 to 2 weeks after eye opening, there
cluded that short term (2–3 weeks) visual deprivationis a surge (4-fold) in the frequency of spontaneous
has no discernible effect on retinal morphology, as ex-excitatory and inhibitory synaptic events in ganglion
amined with light microscopy, or on light-evoked re-cells. Dark rearing reversibly suppresses this surge,
sponsiveness, as assessed by changes in the amplitudebut recovery takes 6 days. Frequency changes are
of the a- and b-waves of the ERG or by RGC responsesnot accompanied by amplitude changes, indicating
to light (Hendrickson and Boothe, 1976; Baro et al., 1990;that synaptic reorganization is likely to be presynaptic.
Reuter, 1976; Wiesel and Hubel, 1963; Kratz et al., 1979;These findings indicate there is a degree of activity-
Sherman and Stone, 1973). However, other authors havedependent plasticity in the mammalian retina that has
reported that visual deprivation can affect synaptic mor-not been previously described.
phology in rodent retina and the response properties of
neurons in the inner retina of nonmammalian species.Introduction
Fisher (1979b) and Sosula and Glow (1971) reported that
dark rearing modestly increased the number of conven-Physiological function and patterns of neuronal inter-
tional synapses in the inner plexiform layer of mouse andconnectivity in higher brain centers continue to develop
rat eyes, respectively. Sernagor and Grzywacz (1996)in the mammalian visual system for a period of 1 to
found that raising hatchling turtles in the dark increasedseveral weeks after eye opening (Issa et al., 1999; Katz
the receptive field diameters of RGCs. Fujikado et al.and Shatz, 1996). In contrast, it is often assumed that
(1996) showed that 1 week of monocular occlusion re-retinal function is mature by eye opening (Daw, 1995).
duced the amplitude of the oscillatory potential of theConsistent with this idea, most morphological and neu-
ERG in young chick eyes. A second goal of the presentrochemical systems of the retina (i.e., numbers of cells,
study was to test directly whether dark rearing affectsnumbers of ribbon and conventional synapses, and the
the visual responsiveness of inner retinal neurons andexpression of synthesizing enzymes, transporters, and
the strength of synaptic inputs in mouse. Accordingly,receptors for neurotransmitters; [Fisher, 1979a; Greiner
using extracellular recording methods, we measured theand Weidman, 1981; Redburn and Madtes, 1987; Pow
effects of dark rearing on light-evoked RGC and ERGand Barnett, 2000; Sassoe-Pognetto and Wa¨ssle, 1997])
responses. We also recorded spontaneous synaptic in-have reached adult levels by the time of eye opening.
puts to the RGCs, using whole-cell patch pipette meth-Nonetheless, several previous studies do show a con-
ods. We found that dark rearing reduces RGC responsestinued maturation of visual responsiveness in retina after
and oscillatory components of the ERG. Additionally,eye opening. In retinal ganglion cells (RGCs) of cat and
dark rearing decreases the surge in the rate of spontane-rabbit, the centers of the receptive fields shrink and
ous synaptic inputs, which occur with a delay after eyethe surrounds become much more prominent with age
opening. These results reveal that light plays a role in(Bowe-Anders et al., 1975; Rusoff and Dubin, 1977). In
the maturation of synaptic function in inner retina.cat and ferret, light-evoked response amplitudes of
RGCs are larger and the latencies are shorter after eye
Resultsopening (Tootle, 1993; Wang et al., 2001). In rats and
rabbits, the b-wave and oscillatory potentials (OPs) of
Dark Rearing Reduces Light-Evoked Responsesthe flash-evoked ERGs (electroretinograms) show de-
in Retinal Ganglion Cellsvelopmental changes until 5 weeks of age (el-Azazi and
We first examined how RGC responses changed afterWachmeister, 1990; Gorfinkel et al., 1988). In spite of this
eye opening and then whether dark rearing affected
these responses. The amplitudes of light-evoked re-1 Correspondence: ning.tian@yale.edu
sponses of RGCs from a group of 10 to 15 day old2 Present address: Department of Ophthalmology and Visual Sci-
(P10–P15) mice were smaller than those from a groupence, Yale University School of Medicine, 330 Cedar Street, New
Haven, Connecticut 06520. of P27–P30 mice. Action potentials were recorded simul-
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Figure 1. Peak Amplitudes and the Times-to-Peak of Light-Evoked Retinal Ganglion Cell Responses Change after Eye Opening; Dark Rearing
Suppresses the Magnitude of These Developmental Modifications
Light-activated RGC spikes were recorded, using a multielectrode array, from retinas of mice raised either in a normal dark/light cycle (P10–P15
and P27–P30 groups) or in constant darkness since birth (P0 to P27–P30; Dark group). Control animals were recorded at the ages of P10–P15
or P27–P30. (A) Representative RGC light responses from P13 and P30-aged mice, and from a dark-reared P29 mouse. Both the light stimuli
and the recordings started at time 0. The light stimuli lasted 1 s and the recordings lasted 2 s. This panel shows only the first 1 s of the
recording of the light responses. The dashed line indicates the time-to-peak of the P30 light responses. Note the peak response is delayed
in the P13 mouse relative to the P30 response. (B) Average peak frequency (Hz) of RGC light responses from the three groups of mice. The
differences of the average peak frequency between P10–P15 and P27–P30 groups and between the P27–P30 and Dark groups were statistically
significant (p  0.0001 and p  0.0003, respectively). The difference between P10–P15 and Dark was not statistically significant (p  0.1933).
(C) Average times-to-peak (ms) of RGC light responses from the same three groups of mice as shown in Figure 1B. The differences of the
average times-to-peak between these three groups were statistically significant (p  0.0001). The percentage of light responsive cells was
comparable in all groups, as judged by the number of spontaneous spiking cells showing light-induced modulation of the spiking patterns
(P10–P15: 86%; P27–P30: 94%; Dark: 95%). Mean  SEM. “n”  number of cells per group. “a”  number of animals in each group.
taneously from several dozen ganglion cells per retina the P27–P30 group (Figure 1B). On average, the time-
to-peak was 197  4.0 ms in the P10-P15 group andusing a planar multielectrode array (see Experimental
Procedures). The peak frequency of action potentials 103  2.0 ms in the P27-P30 group (Figure 1C). These
data, taken from two different aged groups of controlduring on responses to the onset of a 1 s step of light
was taken as a measure of response amplitude for each cyclic light-reared (12 hr darkness:12 hr light) animals,
indicate that maturational changes in light-evoked re-cell (cf. Wang et al., 2001). The delay between the light
onset and the time of peak frequency was defined as sponsiveness of mouse RGCs occur after eye opening
(P14). The differences between the two groups werethe time-to-peak. Data were taken from both ON and
ON/OFF cells. These two classes comprise more than highly significant for both the amplitude increase (p 
0.0001) and the time-to-peak decrease (p  0.0001).98% of the cells recorded in each experiment. Spike
frequency histograms (Figure 1A) show the light-evoked Similar post eye opening developmental changes in the
amplitude and timing of light-evoked responses of ferretchanges in spike frequency of a RGC recorded from a
P13 and another from a P30 animal. The peak frequen- RGCs were described recently (Wang et al., 2001). De-
velopmental regulation of either the intrinsic excitabilitycies of the responses were 46 and 60.1 Hz, respectively,
for the younger and older animal. The times-to-peak of RGCs or the strength of synaptic inputs could account
for these maturational shifts. By the time of eye openingwere 165 ms and 95 ms, respectively. On average, the
peak frequency was 45  1.5 Hz (mean  SE, n  935) in rodents and cats, all RGCs generate spikes in re-
sponse to current injection and full complements of volt-in the P10–P15 animals and 58  2.2 Hz (n  452) in
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age-dependent sodium and potassium channels are ex- idea that light plays a role in the maturation of synaptic
function in young animals.pressed (Robinson and Wang, 1998). Therefore, it is
more likely that the maturational changes in response
amplitude and latency result from alterations in synaptic The Frequency of Spontaneous Synaptic Inputs
inputs to the RGCs. to Retinal Ganglion Cells Rises More Than
Dark rearing decreases the peak amplitude and in- 4-Fold after Eye Opening
creases the time-to-peak of RGC light-evoked re- We recorded spontaneous EPSCs (excitatory postsyn-
sponses. In these following experiments, mice were dark aptic currents) and IPSCs (inhibitory postsynaptic cur-
reared from birth until the time of recording (P27 to rents) in RGCs to ascertain whether the developmental
P30). The light-evoked on responses of RGCs from these and dark rearing-induced effects on light-evoked re-
animals were compared to those of an age-matched sponses shown above are expressed at the level of
group of control animals raised in cyclic light (P27–P30; synaptic inputs. First, we determined the time course of
Figure 1B). The percentage of light responsive RGCs the development of synaptic inputs to RGCs in postnatal
were comparable in the two groups, as judged by the animals raised in cyclic light. Then, we investigated the
number of cells that fired action potentials spontane- effect of dark rearing on their development. The sEPSCs
ously in the dark and which also fired additional action and sIPSCs are synaptic events generated by the ran-
potentials in response to light (574/607 in the dark- dom quantal release of neurotransmitter from the pre-
reared group and 452/481 in the cyclic light-reared synaptic bipolar and amacrine cells, respectively. To
group). However, on average, the peak frequency of on quantify the efficacy of these inputs, we measured the
light responses in the dark-reared animals was 17% frequencies, amplitudes, and kinetics of each synaptic
lower (48  1.7 Hz versus 58 Hz; p  0.003). Also, the event type in individual RGCs in slice preparations of
time-to-peak was 110% longer in the dark-reared ani- retinas from P10- to P152-aged mice. Examples of these
mals (113  1.5 ms versus 103  1.7 ms; p  0.0001; synaptic events, seen as transient, downward deflec-
Figure 1C). The lowest trace in Figure 1A shows an tions in voltage-clamp records, are shown in Figure 3A.
example of a light response from an RGC in a dark- Representative records, from a P15-, a P25-, and a P152-
reared mouse. aged mouse expose the much higher rate of events in
the P25 mouse. The overall frequency of events, which
includes both glutamatergic- and GABA/glycine-medi-Dark Rearing Reduces Inner Retinal Components
ated events, was low before and shortly after eye open-of Flash-Evoked ERGs
ing (51 15 events/min for P10–P15 and 59 30 events/To gain insight as to where the effects of dark rearing
min for P16–P21). The frequency, however, rapidly in-might manifest themselves in the developing retina we
creased greater than 4-fold during the interval from P22compared ERGs from dark- and cyclic light-reared ani-
to P27 (281 108 events/min). These data demonstratemals. The b-wave of the ERG (Figure 2A) is a measure of
extensive age-related changes in synaptic inputs toON bipolar cell function and reflects both photoreceptor
RGCs after eye opening. This novel observation of aand synaptic function in the outer plexiform layer of the
surge in the rates of spontaneous inputs to RGCs afterretina (Stockton and Slaughter, 1989). The oscillatory
eye opening is unlikely related to correlated spike burstspotential (OP; Figures 2A and 2B), which reflects interac-
observed in mouse and ferret retina since the correlatedtions among bipolar, amacrine, and ganglion cells, is a
spike bursts cease well before eye opening (Wong,measure of inner retinal function (Wachtmeister, 1998).
1999).Previous studies in cat and rabbit concluded that the
b-wave was resistant to the effects of visual deprivation
(Baro et al., 1990; Reuter, 1976). However, Bonaventure The Frequency of Both Excitatory and Inhibitory
Synaptic Events Is Developmentally Regulatedet al. (1967) reported that b-wave amplitudes were larger
in dark-reared rabbits. A decrease in the OP amplitude after Eye Opening
sEPSCs and sIPSCs, which can be distinguished fromdue to monocular occlusion was observed in young
chicks (Fujikado et al., 1996) but has not been reported one another by their decay time constants, were exam-
ined independently. Previously, we and others showedin a mammalian retina.
Figure 2 plots ERG response amplitudes from mice in rodent retina that fast decaying sEPSCs (  5–6 ms)
were blocked by ionotropic glutamate receptor antago-raised (1) in cyclic light (D/L), (2) in darkness from P5 to
P32 (Dark), and (3) in darkness from P5 to P30 and nists and the remaining slower decaying sIPSCs ( 
7–8 ms) were blocked by GABAA and glycine receptorsubsequently recovered in cyclic light for 15 days (Rec).
We found that light deprivation increased the b-wave antagonists (see Figure 3 [inset] for an example of an
sEPSC and an sIPSC; Tian et al., 1998; Hwang and Co-amplitude by 22% (Figure 2C; 335.6  31.8 V in D/L
versus 408  17.4 V in dark-reared; p  0.0402). In penhagen, 1999; Protti et al., 1997). Typically in RGCs,
glutamatergic sEPSCs exhibit only a fast AMPA recep-contrast, dark rearing reduced OP amplitudes to 47%
of control (Figure 2D; 295  39 V to 127  13 V; p  tor-activated transient current. Dual component, AMPA
plus NMDA receptor-mediated spontaneous events in0.005). These reduced responses recovered to control
levels in animals that were returned to cyclic lighting RGCs have not been reported (Taylor et al., 1995; Matsui
et al., 1998). In mouse retina, pharmacologically isolatedconditions for 15 days following the dark rearing (Figure
2D). Our results indicate that dark rearing enhances syn- GABA- and glycine-mediated events have indistinguish-
able decay time constants (Tian et al., 1998), so theseaptic function in the outer retina and decreases it in the
inner retina of young mice. These actions of darkness events are lumped into one category for purposes of
the present study.can be reversed. These findings are consistent with the
Neuron
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Figure 2. Dark Rearing Reduces Light-Evoked Responses of Inner, But Not Outer, Retinal Neurons
Electroretinograms (ERG’s), recorded corneally, were compared among three groups. One group of animals was dark reared from P5 through
P32 and recorded at P32 (Dark). Recovery group (Rec) animals were dark reared from P5 and returned to cyclic light at P30. ERGs were
recorded at P45. (A) Flash-evoked ERG waves recorded, respectively, from a cyclic light-reared (D/L) and dark-reared (Dark) mouse. (B)
Oscillatory potentials (OPs), isolated by bandpass filtering (73 Hz To 500 Hz) the ERG waves of Figure 2A. (C) Average b-wave amplitudes
from the three groups. There was an increase of the b-wave in dark-reared mice compared to D/L. No statistically significant difference was
observed between the b-wave amplitudes of the Rec versus Dark groups or D/L versus Rec. (D) Average amplitudes of OP waves. Amplitudes
were calculated by the sum of peaks (Severns et al., 1994). OP amplitudes were significantly lower in the Dark group compared to both D/L
and Rec groups. Recovery was observed in the group of mice tested 15 days after return to cyclic light. These data demonstrate dark rearing
reduced the light responsiveness of the inner retina (OPs) but increased those of the outer retina (b-waves). The differences in OP amplitudes
were highly significant statistically (D/L versus Dark: p  0.005; Dark versus recovery: p  0.0001)
Figure 3B shows the frequency of sEPSCs as a func- is that the probability of release from the presynaptic
neurons is augmented. An alternative explanation fortion of age. The average frequency for 5 days before
the apparent increase in event frequency is that theand 5 days after eye opening was 34  10 events/min
detectability of events is enhanced due to an age-(P10–P15) and 42  22 events/min for P16–P21. This
dependent increase in the amplitude of individualfrequency increased 4.5-fold during the interval P22–
events. Consistent with this explanation, a recent studyP27 (195 77 events/min). The rate declined monotoni-
in the mouse visual system demonstrated that therecally to reach adult levels by P60. Figure 3C plots the
could be developmental increases in the number of neu-frequency of sIPSCs as a function of age. Similar to
rotransmitter receptors inserted into each retinogenicu-sEPSCs, the frequency of sIPSCs was low around the
late synapse in the LGN around the period of eye open-time of eye opening, but increased dramatically a few
ing (Chen and Regehr, 2000). Figure 4 plots the amplitudesdays later. The rate of sIPSCs was 17.06  8 events/
and decay time constants of the sEPSCs and sIPSCsmin for P10–P15, 17.58 9 events/min for P16–P21, and
as a function of age. The bar graphs, inset into each85.7  31 events/min for P22–P27. The rate of sIPSCs
panel, show the mean values of the events in each agereached adult levels also by P60. The data reveal that
group with the youngest on the left and increasing agethe rates of both excitatory and inhibitory synaptic in-
to the right. The plots on the left side of each panelputs to RGCs are developmentally regulated for an ex-
display the cumulative distribution curves of the eventtended time after eye opening.
amplitudes and decay times. These data show there
are no systematic changes in amplitude or kinetics that
Neither the Kinetics nor Amplitudes of the Spontaneous correlate with the age-dependent changes in frequency.
Events Are Correlated with Changes ANOVA tests indicated that none of the groups differed
in Their Frequencies significantly. The mean amplitudes of the sEPSCs
To dissect whether the changes in synaptic event fre- ranged between 6.118 and 7.964 pA while the sIPSCs
quency were due to pre- or postsynaptic modifications ranged between 5.704 and 8.813 pA. This contrasts with
of bipolar/RGC and amacrine/RGC synapses, we ana- a 4.6-fold and 4.8-fold increase in frequency of sEPSCs
lyzed the amplitudes and kinetics of the sEPSCs and and sIPSCs, respectively (P16–P21 versus P22–P27).
Therefore, a change in amplitudes of the events issIPSCs. One explanation for the increase in frequency
Visual Deprivation Alters Inner Retinal Function
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Figure 3. The Frequency of Both Excitatory
and Inhibitory Spontaneous Synaptic Inputs
to RGCs Exhibits a Prolonged Burst following
Eye Opening
Membrane currents were recorded from volt-
age-clamped (Vmembrane  	70 mV) RGCs. (A)
Representative recordings from RGCs of
P15-, P25-, and P152-aged mice. Individual
spontaneous events in records were first de-
tected and then quantified by the rise time,
peak amplitude, and mono-exponential de-
cay times. In our previous studies, histograms
of decay times showed a clear demarcation
between a group of faster decaying events
and a group of slower decaying events (Tian
et al., 1998). The faster events were AMPA-
mediated glutamatergic sEPSCs and the
slower ones were GABA/glycine-mediated
sIPSCs. Inset: Single sEPSC and sIPSC from
records. (B) Average frequency (events/min)
of RGC spontaneous excitatory synaptic cur-
rents (sEPSCs) as a function of postnatal age.
The difference of the average frequency be-
tween these eight groups is statistically sig-
nificant (p 0.0179; ANOVA). (C) Average fre-
quency (events/min) of RGC spontaneous
inhibitory synaptic currents (sIPSCs) from the
same eight groups of cells as shown in Figure
3b. An ANOVA test indicates that the differ-
ence of the average frequency among these
eight groups is not statistically significant
(p  0.0717), although the differences be-
tween the age P22–P27 and P10–P15, P34–
P39, P60–P99 and P100–P152 are statistically
significant (p varied from 0.0471 to 0.0069).
“n”  number of cells per age group. “a” 
number of animals in each group.
insufficient to explain the surge in frequency. Given that amplitudes and decay time constants of the spontane-
ous events. Figure 5B shows that the average amplitudethe amplitudes of sEPSCs and sIPSCs altered signifi-
of sEPSCs in dark-reared animals was 6.39  0.3 pAcantly with age, it might be argued that the age-depen-
compared to 6.53  0.39 pA for age-matched controldent increase in frequency could be attributed to the
animals. The amplitude of sIPSCs was 6.56  0.58 pAformation of new bipolar/RGC or amacrine/RGC syn-
versus 5.77  0.21 pA. These control and dark-rearedapses. However, in mouse retina, bipolar and amacrine
amplitudes were not significantly different (p 0.77 andsynapses remain essentially constant in number after
0.32, respectively). Figure 5C shows that the averageeye opening (Fisher, 1979a). Thus, the surge in the rate
decay times of sEPSCs for dark-reared mice were 3.92of sEPSCs and sIPSCs is most easily explained by a
0.46 ms versus 4.49 0.36 ms for age-matched animalschange in the probability of neurotransmitter release
raised in cyclic light. The decay times for sIPSCs werefrom the presynaptic neurons.
48.74  4.95 ms versus 48.97  4.49 ms for the dark-
reared and cyclic light-reared animals. These values
Dark Rearing Suppresses the Surge of Synaptic were not significantly different (p  0.4 and 0.98). We
Events in RGCs find no evidence of any differences in the amplitudes
The rates of synaptic events were determined in mice or decay time constants of the sEPSCs or sIPSCs due
which were dark reared from P5 up to ages between to dark rearing. Previous studies found that the number
P23 and P28. This protocol significantly reduced the of anatomically identified presynaptic synapses in the
average frequency of sEPSCs. The rate fell to 35% of inner plexiform layer is either unchanged or slightly ele-
age-matched control animals raised in cyclic light (from vated by dark rearing (Fisher, 1979b; Sosula and Glow,
194.9  77 to 69.1  15.7 events/min; p  0.044; Figure 1971). Therefore, we propose that light-evoked activity
5A). The mean frequency of sIPSCs was lower in the plays a long term modulatory role in controlling quantal
dark-reared animals, but the change was not statistically release from the bipolar and probably amacrine cells,
significant (85.7  31.2 events/min versus 41.2  12 as well.
events/min; p  0.122). To test whether the frequency If effects of dark rearing on light-evoked responses
changes could be attributed to post- or presynaptic (Figures 1 and 2) and spontaneous synaptic inputs (Fig-
ure 5) share a common mechanism, this would implyalterations in synaptic transmission, we measured the
Neuron
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Figure 4. Neither the Amplitude nor Decay Time Constants of sEPSCs and sIPSCs Are Correlated with Their Changes in Frequency
Individual sEPSCs and sIPSCs were identified, counted, and characterized in the recordings from all the cells used to generate the age-
dependent data in Figures 3B and 3C. (A) Normalized cumulative distribution curves of sEPSC amplitudes for each of the eight age groups
shown in Figure 3b. Inset: average amplitude of sEPSCs as a function of age. (B) Normalized cumulative distribution curves of sEPSCs decay
time constant. Inset: average decay time constant for each age. (C) Normalized cumulative distribution curves of sIPSC amplitudes for each
of the eight age groups shown in Figure 3c. Inset: average amplitude of sIPSCs as a function of age. (D) Normalized cumulative distribution
curves of sIPSC decay time constants. Inset: average decay time constant for each age.
that the regulation of evoked and spontaneous release 5D). However, the rates of synaptic events measured 7
to 10 days after return to cyclic lighting recovered fullyshould be correlated. A previous study of synaptic trans-
mission at individual synapses did reveal that the rates to levels comparable to age-matched animals raised
entirely in cyclic light (Figure 5D). These findings indicateof random events were strongly associated with the
magnitudes of evoked responses (Prange and Murphy, that, in spite of pronounced reductions of spontaneous
synaptic inputs induced by 2 weeks of visual depriva-1999). Therefore it seems reasonable to assume this
correlation applies to the synaptic inputs to RGCs. tion, they recovered fully. This prolonged time period
required for recovery is consistent with synaptic reorga-
nization that requires gene transcription and/or changesRecovery from Dark Rearing Requires
in neuronal structure. The time course is much slowerat Least 6 Days
than the changes in glutamate receptor subunit expres-Above we showed that the actions of dark rearing on the
sion that can be observed in visual cortex within hourslight-evoked oscillatory potentials returned to normal
of exposure to light following darkness (Quinlan et al.,when mice were tested after 15 days in cyclic light. We
1999), but is comparable to recovery of physiologicaldetermined whether the suppressive actions that dark
cortical function in cats after monocular deprivationrearing had on the rate of spontaneous events in RGCs
(Movshon, 1976).was also reversible and, if so, how long it took to recover.
RGC recordings were made from mice after they had
been returned to cyclic lighting for various lengths of Discussion
time. All the mice were dark reared for the period P5 to
P20. Synaptic activity in RGCs recorded in animals who We find there is a surge in the rate of spontaneous
synaptic inputs to RGCs, which occurs with a delay ofhad been returned to cyclic light for 2 to 5 days showed
no significant difference from age-matched dark-reared about 1 week after eye opening. Surprisingly, dark rear-
ing reduces this surge and also the magnitude of light-controls. The rates of neither the sEPSCs nor sIPSCs
were changed from dark-reared animals (Figures 5A and evoked responses. The age-related and dark-rearing-
Visual Deprivation Alters Inner Retinal Function
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Figure 5. Dark Rearing Suppresses the Developmentally Induced Burst of sEPSCs and sIPSCs; Recovery from Dark Rearing Requires at Least
6 Days
Spontaneous synaptic activity was recorded from RGCs of animals raised either in a normal daily dark/light cycle (D/L group), in darkness
(P5 to P27; Dark group), or in darkness (P5 to P20) and subsequently recovered in cyclic light for 2–5 days (6 days group) and 7–10 days
(6 days group). (A) Average frequency of sEPSCs and sIPSCs in D/L and Dark groups of animals. Measurements were made in animals of
comparable aged (P24  2 for D/L group, P25  1.7 for Dark group). Dark rearing significantly suppressed the frequency of sEPSCs to 35%
of age-matched D/L controls and lowered, but not significantly (P  0.12), the rate of sIPSCs. (B) Normalized cumulative amplitude histograms
of sEPSCs (open circles  D/L, filled circles  Dark) and sIPSCs (squares) recorded from dark-reared and normal cyclic light animals. Inset:
Means of amplitudes in the four different groups. (C) Normalized cumulative distribution curves of sEPSC (open circles  D/L, filled circles 
Dark) and sIPSC (squares) decay time constants recorded from dark-reared and normal cyclic light animals. Inset: Means of decay time
constants in the four different groups. (D) Mean sEPSC and sIPSC frequencies in control and dark-reared animals tested 2–5 days and 7–10
days, respectively, after return to cyclic light. The frequency of sEPSCs remained significantly below cyclic light-reared animals in the period
up to 6 days after return to cyclic lighting. After more than 6 days of cyclic light, the sEPSC and sIPSC frequencies of Dark animals were very
close to those of control animals.
induced alterations in synaptic inputs to RGCs likely of dendritic arbors of RGCs (Rusoff and Dubin, 1978;
Wa¨ssle, 1988), or in the amplitudes or kinetics of quantalresult from modifications of the probability of neuro-
transmitter release from presynaptic neurons in the inner events (Figure 4). On the assumption that retinal devel-
opment is similar in different mammals, this suggestsretina.
that the post eye opening developmental alterations in
synaptic strength and spatial properties are likely due toSynaptic Development in Inner Retina Continues
for a Period of Time Well after Eye Opening changes in the relative strengths of already established
synapses.Our results demonstrate that synaptic circuits in the
inner retina of mammals continue to mature well after
eye opening. We saw this continued development as sEPSCs and sIPSCs Are Differentially Regulated
during Developmentan increase in the amplitude of light-evoked responses
(Figure 1) and as a surge and gradual decline in the The rate of sEPSCs exceeded that of sIPSCs from P10
until P60. In the P10–P15 group, the average rate offrequency of spontaneous synaptic inputs to RGCs (Fig-
ure 3). Others have seen a shrinkage of RGC receptive sEPSCs was 34 events/min versus 17 events/min for
sIPSCs. During the period of peak frequency, the aver-field center diameters and an increase in the strength
of RGC surrounds with age (Rusoff and Dubin, 1977; age sEPSC rate exceeded the sIPSC rate by 2.2-fold
(195 events/min versus 85.7 events/min). A similar higherBowe-Anders et al., 1975). In contrast, after eye opening,
there are no age-related concomitant changes detected proportion of sEPSCs compared to sIPSCs was reported
by Ro¨rig and Grantyn (1993) in P5-aged rat retina. Theyin the numbers of synapses (Fisher, 1979b), the sizes
Neuron
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found that a large percentage of RGCs had no spontane- a universal feature of neural systems during their devel-
opment.ous events of any kind. However, while sEPSCs were
found in 23% of the RGCs, sIPCSs were seen in only
3% of the recorded cells. The predominance of sEPSCs Activity-Dependent Plasticity in Retina
also mimics the developmental pattern reported in other The experimental results reported here demonstrate a
mammalian nervous tissue and in turtle cortex (Hollrigel degree of activity-dependent plasticity of synaptic func-
and Soltesz, 1997; Gao et al., 1998; Kapur and Macdon- tion that has not been reported in a mammalian retina.
ald, 1999; Sutor and Luhmann, 1995; Blanton and Visual deprivation reduces the amplitude of OPs in chick
Kriegstein, 1991). Interestingly, in inner mouse retina, eye (Fujikado et al., 1996), similar to what we found in
conventional synapses begin forming earlier than ribbon mouse eye. In turtle hatchlings, dark rearing enlarges
synapses (Fisher, 1979a). Thus, the physiological mea- the size of RGC dendrites and fails to suppress the
sures of the relative numbers of inhibitory and excitatory normal decrease in the rate of spontaneous action po-
synaptic inputs to RGCs seem at odds with the morpho- tentials (Sernagor and Grzywacz, 1996). There is evi-
logical findings. This apparent paradox can be recon- dence that dark rearing retards the normal loss of den-
ciled if it is assumed that a greater number of the earlier dritic complexity in a specific population of hamster
forming conventional synapses are amacrine/bipolar RGCs that make aberrant ipsilateral projections from
and amacrine/amacrine synapses rather than amacrine/ nasal retina (Wingate and Thompson, 1994); however,
RGC synapses. Further study will be needed to verify there is no evidence of dark rearing influencing dendritic
or refute this idea. arbors of this or any other class of mammalian RGCs
to the same extent as was found in turtle. Dark rearing
reduces the frequency of spontaneous inputs to mouse
Are the Consequences of Dark Rearing on Synaptic
RGCs, while in turtle, it increases the rate of spontane-
Function in Inner Retina Explicable in Terms
ous spikes. This suggests that the mechanisms and
of a Primary Action on Systemic
expression of plasticity may be different in reptiles and
or on Outer Retinal Function?
mammals.
If dark rearing compromised the animals systemically,
Based on the dark rearing results in mouse, we con-
the observed reduction in synaptic activity in the inner
clude that light stimulation enhances evoked responses
retina could be a secondary effect that was not related
and spontaneous synaptic activity in the inner retina.
directly to the lack of visual inputs per se. Several find-
Future experiments will be required to ascertain whether
ings argue against this possibility. The body weights
this increase reflects cellular mechanisms within the pre-
of dark-reared animals closely matched those of age-
synaptic terminals or whether it is a manifestation of
matched controls. During dark rearing, the animal cages
changes in the feedback synaptic circuitry, including
and enclosures were adequately ventilated to prevent
amacrine cell to bipolar cell synapses, which can control
temperature rises of more than 2
 above ambient room
release of neurotransmitter from the bipolar cells to
temperature. Histological comparisons of retinas from
RGCs. In contrast to inner retina, light appears to de-
dark-reared to those of cyclic light-reared animals
crease synaptic activity in the outer retina, as judged
showed no discernible differences (data not shown). If
by the augmentation of the b-wave amplitude in dark-
the reduction of spontaneous synaptic activity and light-
reared animals. This finding suggests that normal cyclic
evoked responses of inner retinal neurons merely re-
lighting conditions may cause an extended period of
flected a decrease in the responsiveness of the outer
light adaptation which desensitizes phototransduction
retina or photoreceptors, the b-wave should be smaller
and synaptic transmission in the outer retina.
as well. However, the dark-reared animals proved to
It is still an open question whether the temporal effects
have a larger b-wave amplitude (Figure 2). Therefore, it
of dark rearing on retina exhibit a critical period analo-
seems reasonable to conclude that the suppressive ef-
gous to that found in visual cortex. Future experiments
fect of dark rearing on the inner retinal pathways reflects
will be required to find the minimal period of dark rearing
a decrease in an activity-dependent mechanism that
which alters retinal function and to determine whether
normally enhances synaptic function.
younger animals are more susceptible to dark rearing
than older ones. It remains unknown whether dark rear-
ing merely retards normal retinal development, similarSynaptic Scaling Is Not Evident in Retina
to way that binocular deprivation delays the onset ofIn other neural systems during development, genetic or
the critical period in cortex (Cynader and Mitchell, 1980),pharmacological manipulation of the strength of synap-
or if extended periods of dark rearing can permanentlytic inputs to neurons can rescale the amplitude of indi-
affect synaptic function in retina.vidual quantal events. This synaptic scaling is thought
to adjust the size of elementary synaptic events to com-
pensate for the decreased or enhanced numbers of in- Does the Age-Dependent Rise in Retinal Synaptic
Activity Play a Role in the Expression of the Criticalputs (Davis and Goodman, 1998; Turrigiano et al., 1998).
Here, in mouse retina, in spite of a 4.5-fold increase in Period Observed in Higher Visual Centers?
Monocular deprivation (MD) in neonatal animals causesthe frequency of sEPSCs in the RGCs after eye opening
(Figure 3A), we found no coordinated changes in the the rearrangement of the eye-specific light responses
in visual cortex and LGN. These phenomena are someamplitudes of the synaptic events. This finding indicates
that changes in the frequency of quantal synaptic events of the best characterized models of activity-dependent
plasticity in the nervous system. It is clear that cortical-do not necessarily lead to an alteration in their ampli-
tude. Thus, the phenomenon of synaptic scaling is not specific mechanisms play a major role in the expression
Visual Deprivation Alters Inner Retinal Function
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line Sorter (Plexon Inc, Dallas, TX) and NeuroExplorer (Nex Technol-of the critical period (Hensch et al., 1998; Gillespie et
ogies, Lexington, MA). The action potentials were first sorted fromal., 2000; Beaver et al., 2001). However, several features
the raw data on a PC using Off-line Sorter. During a first pass throughof the activity-dependent effects that we demonstrate
the data, a threshold set to 50 V detected the action potentials.
in mouse retina raise the possibility that reorganization The first and second principal components were calculated from
of retinal function might contribute to development or the wavelets (0.5 ms before the onset and 2 ms after the onset)
detected in the first pass. Action potentials having similar principalplasticity in the cortex. Initially, there is a temporal coin-
components form clusters in 2D plots of the principal components.cidence in the expression of the critical period and the
We defined templates based on the cluster distributions for theincrease in responsivity and spontaneous activity in in-
second sorting. Using these templates, we sorted the action poten-ner retina. In rodents, the peak of the critical period, the
tials again.
time of maximal sensitivity to MD, occurs at an age The results were further analyzed with NeuroExplorer. The time-
around 12 days after eye opening (Gordon and Stryker, stamps of the action potentials from each channel were cross-
correlated with each other and plotted as response histograms with1996; Guire et al., 1999). This timing corresponds closely
a 10 ms bandwidth (Figure 1A). The frequency was calculated byto when the maximum spontaneous synaptic activity
counting the number of spikes per bin and dividing by the bin width.occurs in RGCs. Secondly, visual deprivation affects
The time-to-peak was quantified as the time between the onset ofneuronal function in both the cortex and the retina.
the light and the occurrence of the bin with the largest number of
Thirdly, the effects of visual deprivation are reversible action potentials.
in cortex and retina. Further work will be required to
establish whether retinal activity actually plays any type ERG Recordings
of causal role in the refinement of cortical pathways. Animals were dark adapted overnight. Just before recordings, they
were anesthetized with Xylazine (13 mg/kg) and Ketamine (87 mg/Critical experiments would include those that show a
kg) and the pupils were dilated with Atropine (1%, Bausch & Lomb,reduction in retinal activity in one eye using pharmaco-
Pharmaceuticals, Inc., Tampa, FL) and Phenylephrine HCl (Mydfrinlogical or genetic manipulations, instead of visual depri-
2.5%, Alcon Inc., Humacao, Puerto Rico). A surface anestheticvation, contribute to an eye-specific reorganization of
agent, proparacarine (0.5%, Alcon Inc., Humacao, Puerto Rico) was
function in the visual cortex. used before the contact electrodes were applied to the corneas.
ERGs were evoked using a Ganzfield stimulator (LKC Technologies
Inc., Gaithersburg, MD). Responses were averaged from 5 singleExperimental Procedures
flashes of	3 log unit intensity. This was the lowest test light intensity
that evoked OPs 100% of the time in cyclic light-reared mice. TheAnimals
Retinas were obtained from C57BL/6 mice (The Jackson Laboratory, 0 log intensity corresponded to 2.5 cd·s/m2. All recordings were
made at approximately the same time of day.Bar Harbor, Maine). The handling and maintenance of animals and
tissue preparation met the NIH guidelines and were approved by
the University of California, San Francisco Committee on Animal Retinal Slice Preparation
Research. The mouse retinal slice preparation has been described in detail
previously (Tian et al., 1998). Briefly, the eyes were enucleated and
hemisected at the ora serata immediately after cervical dislocation.Multielectrode Recording
All animals were dark adapted for 30 min before experiments. Imme- The retina was mounted on filter paper similar to the preparation
for the multielectrode recordings (see above). The retina, as well asdiately after cervical dislocation, the eyes were enucleated and
hemisected at the ora serata under very dim red light illumination. the filter paper, was then cut into 250 m thick slices. All slices
were incubated continuously in oxygenated extracellular solution.The cornea, iris, lens, and vitreous were removed from eyes im-
mersed in a Petri dish filled with oxygenated extracellular solution, Single slices were continuously perfused in the recording chamber.
Tissue preparation and recordings were performed at room temper-which contained (in mM) NaCl 124, KCl 2.5, CaCl2 2, MgCl2 2,
NaH2PO2 1.25, NaHCO3 26, and glucose 22 (pH 7.35 with 95% O2 ature (23
C) and in normal room light. The recording chamber was
mounted on the stage of an upright microscope (Zeiss Axioskop,and 5% CO2). Next, the retina was detached from the eyecup using
forceps and placed on a piece of nitrocellulose filter paper (8 m Carl Zeiss, Oberkochen, Germany) and a 40 water immersion ob-
jective lens was used for visualizing the retina and the recordingpore size, Millipore Corp., Bedford, MA) with photoreceptors on the
paper. The mounted retina was placed in the MEA-60 multielectrode pipettes.
The extracellular recording solution is the same for the multielec-array recording chamber (Multi Channel System MCS GmbH, Reut-
lingen, Germany) with the ganglion cell layer facing the recording trode array recordings. The pipette solution for perforated patch
clamp experiments contained (in mM) CsOH 120, D-gluconic acidelectrodes. The filter paper was held in a fixed position with a minia-
ture manipulator and the retina was continuously perfused in oxy- 110, CsCl 10, CaCl2 5, MgCl2 3, HEPES 20, and glucose 30 (pH 7.2).
Perforated patch recordings were made by adding gramicidin togenated extracellular solution at 34
C during all experiments. Proce-
dures after enucleation were performed under infrared illumination. the pipette solution to give a final concentration of 100 g/ml (0.2%
of DMSO). All chemicals were obtained from Sigma (St. Louis, MO).With this preparation, we have been able to record the ganglion cell
light responses using a light intensity as low as 0.001 W with the The electrodes were tip-filled with a small volume (300 to 500 m
in length) of gramicidin-free pipette solution and then back-filledlight responses being stable for at least 4 hr. All recordings were
made over a comparable period of each day. with pipette solution containing gramicidin to avoid interference of
gramicidin with seal formation. Access resistance and cell conduc-Light-evoked action potential recordings were begun 30 min after
the retina was positioned in the recording chamber. Action poten- tance were monitored every 5 to 10 min during the entire course of
each experiment. Recordings began after the access resistancetials were simultaneously recorded from 60 channels with a multi-
electrode array having 10 m diameter electrodes spaced 100–200 reached a stable plateau (100M), which generally took 20 to
30 min. Membrane currents were recorded with an Axopatch 1Dm apart. A green LED (567 nm) was used to stimulate the retina
with a 1 s diffuse full field light at an intensity of 0.001W. Responses amplifier (Axon Instruments, Foster City, CA), and data were col-
lected using either a Macintosh-based or a PC-based interface (ITC-were averaged from 20 to 100 2 s recordings started at each light
onset. The interval between onsets of each light stimulus was 10 s. 16 Mac computer interface, Instrutech Corporation, Great Neck, NY)
run by HEKA software (PulsePulseFit, HEKA Elektronik GmbH,Data were collected using a PC-based interface card and software
(Multi Channel System MCS GmbH, Reutlingen, Germany). The sig- Germany). The signals were filtered at 1 kHz. All patch pipette re-
cordings were performed in moderate room light. The illuminationnals were filtered between 100 Hz (low cut off) and 200 or 250 kHz
(high cut off). used for preparation and recording effectively desensitized the ret-
ina so light-evoked responses were small or nonexistent. Thus lightOffline data analysis was carried out on a PC computer using Off-
Neuron
448
did not discernibly modulate the rate of spontaneous events. All the loss of NMDA-receptor function in kitten visual cortex. Nature
350, 342–344.recordings were made at similar periods of time during the day (1
PM to 7 PM). Fujikado, T., Hosohata, J., and Omoto, T. (1996). ERG of form depri-
vation myopia and drug induced ametropia in chicks. Curr. Eye Res.
Data Analysis 15, 79–86.
Offline data analysis of voltage clamp records was carried out on Gao, B.X., Cheng, G., and Ziskind-Conhaim, L. (1998). Development
a Macintosh Power PC or a PC computer using Igor (WaveMetrics, of spontaneous synaptic transmission in the rat spinal cord. J. Neu-
Lake Oswego, OR). A lab-written program was used to detect and rophysiol. 79, 2277–2287.
analyze spontaneous synaptic events (Tian et al., 1998; Hwang and
Gillespie, D.C., Crair, M.C., and Stryker, M.P. (2000). Neurotrophin-Copenhagen, 1999) (Program available free as “Minifit” at www.
4/5 alters responses and blocks the effect of monocular deprivationwavemetrics.com). Analysis of variance (ANOVA) was used to exam-
in cat visual cortex during the critical period. J. Neurosci. 20, 9174–ine group differences. A nonparametric test (Kolmorgorov-Smirnov)
9186.was used to analyze the distributions of sEPSCs and sIPSCs. The
Gordon, J.A., and Stryker, M.P. (1996). Experience-dependent plas-Student’s t test was used to examine the difference between two
ticity of binocular responses in the primary visual cortex of themeans (StatView; Abacus Concepts, Berkeley, CA).
mouse. J. Neurosci. 16, 3274–3286.
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